An important channel of cell-to-cell communication is direct contact. The immune synapse is a paradigmatic example of such type of interaction: it forms upon engagement of antigen receptors in lymphocytes by antigen-presenting cells and allows the local exchange of molecules [1]. Although mechanics has been shown to play an important role in this process [2], how forces organize and impact on synapse function is unknown. We found that mechanical forces are spatio-temporally patterned at the immune synapse: global contractile forces are observed at the synapse periphery and local point-like forces are detected at its centre. The global contractile forces result from a pulsatile centripetal actomyosin flow that leads to formation of F-actin protrusions from which the central pointlike forces emerge. Noticeably, these force-producing actin protrusions constitute the main site of antigen extraction and endocytosis. Accordingly, deletion of the myosin IIA gene leads to impaired B cell responses. The interplay between global and local forces governed by the actomyosin cytoskeleton therefore controls the endocytic function of the immune synapse and might constitute a more general mechanism in the physical regulation of cell-cell interactions.
the other case it was proposed to directly pull on individual BCR-antigen complexes for internalization.
However, it is difficult to compare the two models as (1) they involve surrogate substrates with different physical properties (lipid bilayer versus plasma membrane sheets) and (2) they are based on experiments performed at different spatial scales (cell versus molecules) and temporal scales (minutes versus seconds).
Here we investigated the spatio-temporal organization of forces exerted by B lymphocytes during antigen extraction. We show that they display a stereotypical patterning profile that includes two components: (1) peripheral forces resulting from the centripetal flow of myosin II and (2) central forces exerted by local actin protrusions. Strikingly, we found that these actin protrusions need myosin IIdependent peripheral forces to form and are responsible for antigen extraction, reconciling the two models that had been previously proposed. We conclude that the interplay between global and local forces governed by the dynamics of the actomyosin cytoskeleton controls endocytosis at the immune synapse. Myosin II-dependent force patterning therefore emerges as a key event in the regulation of cell-cell interactions.
We used time-dependent traction force microscopy (TFM, see Mat. and Meth.) [15] [16] [17] [18] to analyse the spatio-temporal distribution of forces at the B-cell synapse (Fig. 1a) . Primary naive B cells freshly purified from the spleen of mice expressing a hen egg lysozyme (HEL)-specific BCR were plated on gels coated with HEL or with bovine serum albumin (BSA) as a negative control. A rigidity of 500 Pa was selected for the gels, as this matches the physiological rigidity of macrophages that present the antigen to B cells in vivo [19] . Surprisingly, scanning electron microscopy (SEM) analysis showed no B cell spreading on antigen-coated gels, spreading being observed on glasses coated with equivalent amounts of antigen, as previously reported (Fig. 1b) . Instead, when B cells contacted the antigencoated gels, they exhibited pulsatile contractions (Movie 1). To characterize this cell mechanical behaviour, we quantified the stress (Fig. 1c) and the strain energy exerted by B cells on the substrate.
We found that the strain energy displayed a growth phase lasting ~5 minutes, followed by a plateau (Fig. 1d,e) . The growth phase was barely observed in the absence of HEL (Fig. 1d, e, Supp. Fig. 1B, Movie 2) and the plateau displayed a clear dose dependence on this antigen (Fig. 1f) . Measurement of the bead displacement field flux through the cell boundaries showed that the forces detected were mostly directed inward (Fig. 1g) , indicating that they corresponded to pulling rather than pushing forces. Consistent with this result, small gel pieces appeared to be pulled by the protrusions that formed at the lymphocyte periphery (Fig. 1b) . These results show that B cells exert contractile pulling forces on substrates of physiological rigidity in an antigen-dependent manner. Do these pulsatile contractile forces exerted on the substrate as a result of myosin II activity? To address this question, we generated conditional knockout mice in which MYH9, the gene coding for the main myosin II isoform expressed in lymphocytes (Immunological Genome Project, http://ww.immgen.org), was deleted in B cells (Fig. 2a, Supp. Fig. 2a, Movie 3 ) and expressed the HEL-specific BCR transgene. SEM analysis showed that B cells extracted from these animals did not show major morphological differences as compared to their wild-type counterpart (Fig. 2b) . In contrast, when measuring forces, we found that the absence of myosin II considerably decreased the contractile strain energy of the cells (Fig. 2c,d,e) . Still, measurable forces detected in both myosin II WT and KO cells were contractile, as shown by the negative (inward) displacement field fluxes (Fig.   2f ). Similar results were obtained when inhibiting myosin II with para-nitro-blebbistatin (Supp. Fig. 2b ).
We conclude that the traction forces exerted at the B cell synapse depend on myosin II, as shown by both genetic deletion and pharmacological inhibition of the motor protein.
An important hypothesis used to build the algorithm for force calculation in typical TFM experiments is that the displacement of cell-associated beads is accompanied by the displacement of its neighbours.
However, we consistently observed that certain beads did not display movements parallel to the ones of their neighbours (Fig. 3a, Movie 1) . This apparently aberrant bead movement did not result from a modification of gel elasticity as the gel relaxed upon cell detachment (Supp. Fig. 3a ). This suggests that these movements rather resulted from forces applied locally, possibly perpendicularly to the synaptic plan (which cannot be measured due to the limits of detection in z). We thus investigated the nature of these "point-like forces" by splitting the pool of beads into two groups based on r, the correlation between the directions of displacement vectors with its neighbours in a range of 1µm (Fig.   3b) . For each frame, we classified the beads in two groups: coordinated (r>0.5) and non-coordinated (r<0.5). We found that all cells displayed both coordinated and non-coordinated movements in various proportions at each time point (Supp. Fig. 3b) . Strikingly, these two types of movements were spatially segregated, as observed from average bead density maps and radial scans (Fig. 3c) . The coordinated pool was located at the periphery of the synapse (~2-3µm from the centre), whereas the non-coordinated one was located at the centre of the synapse. Calculation of average coordinated displacements and relative stresses for each cell at each time point showed that shear stresses operated at the periphery and were organized centripetally. In contrast non-coordinated displacements were generally located at the centre of the cell-gel interface (Fig. 3d) . Although the TFM algorithm underestimated point-like forces (Supp. Mat.), their distribution and relative value on average remained meaningful. Indeed, the number of beads moving in a coordinated manner increased with time, reaching a plateau about 2 to 3 min after initial contact (Supp. Fig. 3c ). In contrast, the number of beads moving in a non-coordinated manner decreased in time. These results show that force patterning occurs in the first minutes after contact, during the rising phase of the strain energy.
Dynamics analysis highlighted that coordinated forces organized in time as peaks that were correlated with isolated global contractions (Fig. 3e) and spectral analysis revealed a pseudo-period of 170±10s (median ± IQR) ( Fig. 3f and Supp. Fig. 3d) . We conclude that the forces at the B cell synapse present a specific spatio-temporal pattern with a peripheral, centripetal, pulsatile shear pool opposed to a central, point-like and disorganized one.
How does myosin II contribute to each pool of forces? Monitoring the dynamics of myosin II-GFP at the cell-bead interface showed that the collective contractions described above corresponded to centripetal pulsations of myosin II, as shown by peaks in fluorescence intensity (Fig. 4a, Movie 4) . This observation became even more evident when the results were averaged over 40 different peaks (Fig. 4b) . Cross-correlation analysis showed that myosin II peaks preceded the shear strain energy ones by at least five seconds, suggesting that the motor is first recruited and then triggers global contractions. A drastically different result was obtained when analysing LifeAct-GFP dynamics at the cell-gel interface: the major actin pool observed corresponded to patches localized at the centre of the synapse (Fig. 4c,d and Movie 5). Noticeably, the regions where bead movements were noncoordinated were closely apposed to these actin patches (Fig. 4e) , the two components being correlated over time, with no time lag (Fig. 4f) . Are these actin patches responsible for the generation of the point-like forces observed at the centre of the synapse (Fig. 4e) ? To test this hypothesis, we presented laterally pieces of antigen-coated gel to B cells. These experiments showed the presence of actin-rich protrusions that penetrated within the gel and were associated to bead movement (Fig. 4g) .
The existence of these actin protrusions was further confirmed by cryo-electron microscopy (Fig. 4h) .
Hence, the two pools of forces that are produced at the cell-gel interface are intrinsically different: the (shear) peripheral pool of coordinated forces shows pulsatile shear myosin II-associated centripetal contractions whereas the point-like central pool of non-coordinated forces is associated to dynamic actin-rich protrusions that form at the synapse centre. Interestingly, when measuring the coordinated and non-coordinated force components in the absence of myosin II, we found that they were both decreased, even though the effect was stronger on coordinated forces (Fig. 4c) . Consistent with these findings, actin patches were lost in myosin II-inhibited cells (Fig. 4c) , indicating that the activity of the motor protein is needed for the formation and/or maintenance of these actin protrusive structures.
Altogether, these results suggest that force patterning at the B cell immune synapse results from contractility of the actomyosin cytoskeleton.
These results prompted us investigating whether force patterning at the synapse impacts on the efficiency and localization of antigen extraction by B cells. For this, we recorded B cells plated on gels coated with fluorescently labelled antigen. Surprisingly, we observed that fluorescence was quenched when HEL was linked to the gel, being only detected upon HEL detachment (Supp Fig. 4a ). This unexpected observation provided us with a robust system to measure HEL extraction at the B cell synapse and its dependency on force patterning. Time-lapse analysis showed a gradual detachment of antigen starting as soon as B cells contact the gel surface and slowing down ~3-5 min later (Fig.   5a, Supp. Fig. 4b, Movie 6 ). This crossover time corresponded to the time at which the plateau was reached in the energy curve. Strikingly, the appearance of actin patches at the centre of the synapse coincided in space (Supp. Fig. 4c and Movie 7) and time with the appearance of HEL clusters (Fig   5b) , indicating that actin protrusions are the sites where extraction of surface-tethered antigens occurs. Antigen detachment was impaired in the absence of myosin activity (Fig. 5c ), in agreement with this motor protein being necessary for force production and formation of actin patches.
Importantly, antigens were not only detached from the substrate, but also internalized within B cells, as shown by inside-out HEL staining (Fig. 5d ) and cryoimmuno-electron microscopy (Fig. 5e) . These experiments further revealed the presence of myosin II on the cytosolic face of vesicles containing internalized antigens. Remarkably, when coating the gel with both fluorescent ovalbumin (OVA, not recognized by the BCR) and HEL, we found that only HEL was extracted (Supp. Fig. 4d ). This result shows that extraction exclusively concerns antigens that are bound to the BCR rather than entire pieces of the gel, indicating that antigen extraction at the B cell synapse (at last in this case) is distinct from the trogocytic process previously reported at T and B synapse ( [20] , [21] ). We conclude that B cells use myosin II to form actin patches where surface-tethered antigens are internalized. However, myosin II is not recruited to these patches.
We finally evaluated the relevance of these findings in vivo by comparing B cell responses in WT mice and mice whose CD21 + B cells were KO for the myosin IIA gene. We found that the number of B cells in lymph nodes did not differ significantly between WT and myosin II KO mice (Fig. 5f) . However, upon immunization with surface-tethered antigens, the formation of germinal centres was impaired in myosin II KO mice (Fig. 5g,h and Supp. Fig. 4e) . Histological analyses showed that germinal centres were not only decreased in number but also disorganized in the absence of the motor protein (Fig. 5i) .
We conclude that myosin II is required for B lymphocytes to mount efficient immune response responses in vivo.
In summary, we here found that stress at the synapse is patterned into two components: a shear peripheral component, mainly associated to pulsatile acto-myosin contractions, and a protrusive normal component, concentrated at the centre of the synapse and associated to transient actin protrusions where antigens are extracted. Peripheral pulsatile dynamics of actomyosin contractions might be needed for antigen internalization to occur at the centre of the synapse, most likely by the formation of actin patches. Indeed, little HEL detachment was observed at the periphery of the cell, suggesting that shear coordinated forces generated by myosin II pulsatile contractions do not directly contribute to antigen extraction. Interestingly, studies on synapse organization on lipid bilayers show that actin organizes in concentric structures crossed by radial fibres [22] through continuous centripetal flow [12] , [14] . In B lymphocytes interacting with antigen-coated gels, we did not observe such actin flows but collective pulsatile actomyosin contractions, similar in features and timescales to the ones described in several other systems [23] [24] [25] [26] . Are these pulsatile contractions sufficient to form actin patches and thus localize antigen extraction at the centre of the synapse? The model presented in (Fig. 5j) suggests that they are. This model considers molecules attached to the membrane as diffusive objects advected by an intermittent flow: their diffusion time (i.e. the one necessary to destroy patterns) is relatively long, larger than the typical period of the pulsations observed (see Supp. Mat.). We show that this condition is sufficient to generate a radial gradient.
These patterns might explain the formation of particular structures such as actin protrusions at the centre of the synapse, as it has been shown that an active gel coupled to the cell membrane forms aster like patches [27] , [28] .
Myosin II-dependent pulling was proposed to protect B cells from internalizing low-affinity antigens by mechanically disrupting the lose bonds they form with the BCR. However, mechanical affinity discrimination is the result of tiny differences in energetic barrier (see Supp. Mat.) and is likely to be disturbed by the external noise (lymphatic flows, muscle contractions, cell motility, down to molecular thermal noise). In this context, the peripheral stress may help sealing the synapse and mechanically isolate it from external noise. Similar scenario might apply to the T cell synapse and would deserve further investigations as myosin II also plays an important role in the forces exerted by these cells [29] [30] [31] [32] [33] .
Spatio-temporal force patterning was first highlighted in the context of tissues [34] , cell adhesion to substrate [35] [36] [37] and cell motility [25] . Our study shows that it might be a more general and basic feature of cell-cell interfaces where the engagement of surface receptors leads to both juxtacrine signalling and ligand endocytosis. We found that myosin II intervenes in this process as a global and local master organizer of forces and actin distribution, and thus as a key actor of endocytosis which is a key process of adaptive immunity. We anticipate that this study should set the ground for future work aimed at exploring force patterning in additional cell-to-cell communication models. Movie 2: Stress maps (and quiver plot) generated by B cells on HEL and BSA coated substrates. Movies were generated after analysis of the beads displacement using TFM inversion algorithm. One image every 5s (0.2 fps).
Movie 3: Stress maps (and quiver plot) generated by myosin II WT and KO B cells on HEL coated substrates. Movies were generated after analysis of the beads displacement using TFM inversion algorithm. One image every 5s (0.2fps) 
Antibodies and reagents:
The following reagents were used: 100 µg/ml HEL (Sigma), 100 µg/ml BSA (Euromedex), 40% polyacrylamide (Biorad), 2% bis- Inhibitors: Cells were incubated with 70 µM para-nitro blebbistatin (Optopharma) for 40 minutes at 37°C in RPMI media before the experiments, unless otherwise stated.
Live cell microscopy:
Fluorodishes containing gels were placed under a microscope focused on the plane of beads. In total, 1x10 with a custom-designed ImageJ-compatible macro. A similar procedure was used to map stresses, except that the real stress value was used, without normalization. For bead density analysis, we smoothed positions with a two-dimensional Gaussian kernel of radius 3 pixels to obtain a density map, as described by [6] . These last two analyses were performed in Matlab.
Myosin and energy peak analysis: maxima of the coordinated energy were isolated manually and a sequence of 11 frames around each maximum isolated and aligned to the maximum. The average Myosin II-GFP fluorescence was integrated in the area of the cell and aligned blindly following the energy sequence alignment.
The pieces of signals were offset to zero and normalised to the maximum, averaged and plotted. For the correlation analysis the signals were cross-correlated and the average cross-correlation plotted.
Actin patch and displacement analysis: actin patches were isolated manually and the signal integrated in a square of 2x2 µm. In time sequence of 11 frames were considered separately. The signal of the displacement was computed as average absolute length of the displacement vector of the non-coordinated beads population in the same square used for the actin signal. Each sequence of actin signal was offset to zeros and aligned according to the maximum in fluorescence.
The displacement signal was aligned blindly following actin ones. The pieces of signals were averaged and plotted. For the correlation analysis the signals were cross-correlated and the average cross-correlation plotted.
Actin and HEL patches analysis: similar analysis of the antigen patches but at hight acquisition rate, in a smaller sequence and in a smaller window were performed to show the simulatenous apparence of HEL patches. The only difference is that in this case the HEL signal was aligned first to the point of appearance and the actin signal was blindly translated.
Antigen-stripping experiments:
Round glass coverslips were coated with anti-HEL antibody by overnight incubation. The coverslips were washed with PBS and imaged to obtain the control image. They were then placed on the antigen-coated polyacrylamide gel for 30 seconds to 1 minute. They were stripped off the surface of the gel and imaged as soon as possible using laser scanning microscope (Leica) with a 40× 1.4 NA oil immersion objective. Fluorescence on these images indicated the presence of detached antigen. Absence of fluorescence in stripped gel suggests that quenching is not due to the presence of many layer of antigen.
Traction force Microscopy: energy and flux:
The traction force algorithm was based on that used by [7] and modified by [8] . Force reconstruction was conducted with the assumption that the substrate is a linear elastic half space, using Fourier
Transform Traction Cytometry with Tikhonov regularization (regularization parameter was set to 5x10 -19 ). The position of the beads in reference image and deformed one was measured using MTT algorithm [9] . The problem of calculating the stress field from the displacement is solved in Fourier space then inverted back to real space. The final stress field is obtained on a grid with 0.432 µm spacing (4 pixels). All calculations and image processing were performed in Matlab.
Given the size of B cells, the density of beads, the magnitude of displacement, some parameters needed optimization for the analysis. In particular for the detection algorithm (MTT): search window size (5 pixels), particle radius (2.5 pixels)
and maximum distance for nearest neighbour (4 pixels). Pixel size of spinning disk confocal microscope is 108 nm (we occasionally used another setup with pixel size 160 nm, but the parameters did not need adjustment). Same parameters were applied for noise detection by measuring force in a non-stressed area not too far from the cell. A quality check of the TFM algorithm is given by the "non equilibrated forces", i.e. by the ratio of the sum of forces vectors (which should be zero) to the sum of magnitude of the forces. Lower ratio signifies higher quality of the analysis.
We checked that all analysed data this ratio was below 0. . 3b ) based on the correlation was generated based on the correlation coefficient between the entire time series for total energy and the entire time series for energy associated with coordinated/non-coordinated beads, respectively, for the x and y axis.
Spectral analysis:
To extract a typical time-scale of the collective pulsatile dynamics ( Figure 3f ) the coordinated energy was first de-trended subtracting the background obtained smoothing the original signal with Savitsky-Golay filter (with a window of 500s). The power spectrum was then computed on the detrended signal using maximum entropy algorithm (Matlab). The maximum was selected above frequencies of 1/500 Hz (to avoid including effect of the smoothing). Code availability: TFM analysis codes (Matlab) and image quantification tools (ImageJ and Matlab) are available from the corresponding authors upon request.
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Underestimation of the non-coordinated pool of forces
The non-coordinated displacements results of a force with a component perpendicular to the substrate. The traction force algorithm used in this work solves the 2D problem. In this paragraph we estimate the error we might make applying the TFM algorithm on a displacement that in reality results from a point-like force F = (0, 0, F )δ(x)δ(y)δ(z). This force, perpendicular to the gel and exerted from a protrusion, (but the argument works also for outward forces, changing the sign), will generate a displacement u = G 3 · F where G 3 is the 3D Boussinesq Green function:
where R 2 = x 2 + y 2 + z 2 . The displacement reads:
(where the t apex indicate transposed vectors). However, we measure onlỹ u = (dx, dy) t , hence the apparent components measured by TFM algorithm isF = G −1 2 ·ũ where
where r 2 = x 2 +y 2 indicate the position where we measure the displacement. Simplifying the equation we are left with
The ratio between force magnitude will give the percentage of underestimation:
This function has a maximum in r = z √ 2 but is close to zero for small r, making our estimation completely wrong. The value of the maximum is independent of z and is 3 −3/2 ≈ 20% meaning that at our best we underestimate the real force of a factor 5 (only when the displacement is measure close to the application point). For this reason we cannot rely on the TFM algorithm for 3D analysis. However the systematic underestimation is independent of the position and the quantification remains meaningful for spatial distribution and relative value on average.
Analysis of the coordinated and non-cordinated pool of forces
To distinguish between coordinated and non-coordinated pool we analyse each beads according to the degree of correlation with their neighbours. Each bead i is displaced of a vector v i = (dx i , dy i ). So for a chosen bead j we compute the correlation coefficient r j with the N nearest neighbours belonging to region C as:
where C is the circle r radius 1µm around bead j; this is the distance allowing to average on a mean of 5 beads. This index is equivalent to the average cosine of the angle formed by the displacements (in analogy to liquid crystal order parameter):
At each time point and for each beads i the value r i is computed and the beads classified according to:
As can be deduced from the definition, r j does not take into account the magnitude of displacement. Beads that, because of noisy detection and microscopy acquisition, show small apparent displacements will be included in this pool because the orientations of their displacement vectors are randomly distributed. This is the reason for the number of non-coordinated beads decreasing in Fig. 3d .
3 Myosin II driven pulsatile contractions leads to central patterns
In Reference [2] a model for cell motility is proposed where the velocity of the cell is coupled to the displacement of polarity cues via an actomyosin flow. Inspired by this model we propose that the pulsatile dynamics of actomyosin can transport membrane bound molecules towards the center of the synapse and and therefore help concentrating the endocytic machinery there. However the formation of a pattern, such as the accumulation of molecules in the center, is guaranteed only for certain range of parameters. Here we investigate whether in which condition actomyosin pulsatile contraction can generate patterns. Let us consider a molecular species having concentration c(r, t) at the point r at instant t. We assume that, because of direct or indirect interactions with actin filaments, it is advected by the actin flow of speed V(t) and denote by D the diffusion coefficient. Its dynamics then follows
In our case V is time independent and we assume it is switched on/off with rate k 1 , k 0 (according to a random telegraph process). For the sake of simplicity, we will assume below that the actin flow is centripetal and uniform in space, so that it can be written V = −V (t)u r where u r is the radial unit vector. Under these assumptions eq. 1 can be rewritten as a system of partial differential equations that describe the dynamics of the two populations c 1 and c 0 of particles subject or not to advection (respectively). The velocity is now time independent:
This system of linear differential equations can be solved explicitely for centripetal flows; it is however instructive to consider an adiabatic approx-imation where the typical timescales for diffusion time and advection are larger than the on-off kinetics of the velocity:
This is justified since typical on/off times are k −1
In this case the concentrations equilibrate through the on/off kinetics faster than through the other processes and therefore one can assume c 0 /c 1 = k 1 /k 0 and substitute:
summing the two equations in eq.2 and integrating, one obtains for the total concentration c = c 1 + c 0 :
In cylindrical coordinates (and using the equation for the radial component (the system is centrosymmetric) reads: Clearly this defines a length scale λ = D/(αV ) that can be used as a criterion for the formation of a pattern: when is smaller than the radius of the synapse λ L then the pattern is formed and there exists an appreciable gradient along the radius. Note that approximation in eq. 3 simplifies the problem but it is not necessary for its solution: being linear the stationary solution will be anyway exponential and the relevant length would be λ as above.
Pluging in experimental numbers:
• the diffusion constant of a molecule attached to the membrane is D ≤ 1µm 2 /s however for BCR this is typically D ≈ 0.05µm 2 /s
• flow speed is V ≈ 1µm/s from rough particle image velocimetry measurements on our data (in [1] a peak value 5 times higher is presented on stiff surfaces)
• α can be estimated observing that the typical time of a pulsation is few frames (k 1 = τ which means that the species are localised in the center provided that the diffusion is low enough (which is particularly true for membrane bound species, indeed D can be even smaller, for BCR this is typically D mem = 0.05µm 2 /s). This means that the pattern will be destroyed on a timescale of L 2 /D ≈ 500s. Typical pulsations have shorter typical timescales, suggesting that this could be a mechanism to gather molecules in the center of the synapse.
Argument on the energy scale for affinity discrimination
We suggest also that the force patterning might play a role in improving affinity discrimination, in particular in reducing the noise in the center of the synapse. Why should be this important to isolate mechanically the region where the antigen is extracted? In [3] the authors propose that the affinity discrimination is mechanical, this implies that the cell has to pull on the antigen to overcome an energetic barrier of height ∆U . The affinity depends essentially on the dissociation constant which scales exponentially with the energy:
(where k B T 4pN.nm, the scale of thermal fluctuations at equilibrium).
A N folds increase in affinity between antigen 1 and 2 with two energetic barrier ∆U 1 and ∆U 2 can be written as:
This results in an energy barrier difference of:
In the case of antigens used in [3] N = 10 and the energy difference is of the order of ln(10)k B T ≈ 2.3k B T . As a term of comparison the maximal work that a single Myosin II molecule can exert is 2.5k B T . Therefore the affinity discrimination mechanism could be easily disturbed by application of external forces or even weak mechanical noise. The peripheral stress could serve precisely to seal the synapse and mechanically isolate it from external noise.
Estimation of antigen extraction forces
In this section we give an estimation of the load on each HEL molecule based on our measurements. We first measured the concentration of HEL on gel using two techniques:
1. count of secondary antibodies fluorescence by using photobleaching and Poisson statistics as done in [4] ; this gives about 12 fluorophores/µm 2 which might means (assuming 1 fluorophore/secondary antibody, 2 primary antibodies/HEL and 2 secondary per primary) around maximum 50 HEL molecules/µm 2 .
2. measuring the amount of antigen not attached to the gel by Nanodrop and comparing with the original concentration. We found that when coating a gel with 100g/ml solution of HEL (7M), 30% of the proteins are retained, hence using 200l (i.e. ∼ 20µg = 1.4nM ol = 8.4 · 10 14 molecules) the gel retains 2.8 · 10 14 molecules. The mesh size of a 500P a gels is about 50 − 100nm and this would allow the HEL molecule (∼ 5nm) to go through the gel and functionalise it even in bulk. The surface of the gel is A = 250mm 2 and its volume V = 25mm 3 we obtain that there are roughly 11000molecules/µm 3 or at the surface there are c 2/3 = 500molecules/µm 2 .
We deduced that HEL concentraion is in the range 50 ∼ 500molecules/µm 2 . We chose to consider the smallest value. The shear stresses we measure in our experiments are maximum 80P a, hence a force of 100pN/m 2 . If all the forces were equally distributed among the HEL molecules one expects on average less than 2pN per molecule which make statistically difficult for shear force to contribute to antigen detachment. In contrast pointlike forces 6 are necessary localised and reach values that could provide detachment of a single molecule. In fact mechanics is required for detachment forces over 12pN ( [5] ).
